Objective: The goal of this study was to investigate the correlation between atherothrombotic aortic wall thrombus (AWT) and clinical outcomes in patients treated by fenestrated-branched endovascular aortic repair (F-BEVAR) and present a new classification system for assessment of AWT burden.
Endovascular repair of complex aortic aneurysms (EVAR) can be done using fenestrated or branched devices (F-BEVAR) or parallel stent grafts. These techniques require significant device and catheter manipulations that can result in embolic events and vessel injury.
1,2 Microembolization of cholesterol fragments or macroscopic particles of thrombus and plaque can result in end-organ damage and loss of renal function, bowel infarction, spinal cord injury (SCI), or stroke. [3] [4] [5] [6] The presence of aortic thrombus has been associated with mesenteric and renal ischemia in patients treated by fenestrated endografts. 7 Irregular thrombus or debris in the thoracic and abdominal aorta has been identified as a predictor of renal deterioration. 8, 9 Although aortic thrombus is routinely assessed as part of preoperative planning, a standardized classification has not been reported to evaluate the severity of aortic wall thrombus (AWT) and its effect on specific events. The aim of this study was to correlate measurements of atherothrombotic AWT using objective volume assessment with clinical outcomes in a cohort of patients treated by F-BEVAR and to present a novel classification system that could be useful in clinical practice.
METHODS
The study was approved by the Mayo Clinic Institutional Review Board. All patients consented for participation in this research study. The clinical data of 301 patients treated for pararenal (PRA) and thoracoabdominal aortic aneurysms (TAAAs) with F-BEVAR was entered into a prospective database (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) . The analysis excluded 89 patients with extent I to III TAAAs because of extensive laminated aortic thrombus within the thoracic and visceral segments of the aorta, which precluded assessment of atherosclerotic aortic debris in these segments. We therefore included patients with PRA or extent IV TAAAs who had normal or relatively normal aortic segments in the arch, thoracic aorta, and above the renal arteries.
The clinical data were retrospectively reviewed for demographics, clinical characteristics, cardiovascular risk factors, comorbidity scores, operative details, and outcomes. Early outcomes were defined as occurring within the first 30 days or within the hospital stay if >30 days. Predismissal computed tomography angiograms (CTAs) were reviewed for evidence of infarction within the hepatic, splenic, or renal parenchyma. Renal infarctions caused by inadvertent occlusion of a main renal artery or accessory renal artery were excluded from analysis.
Assessment of atherothrombotic AWT. Volumetric measurements were performed using CTA and TeraRecon Software (TeraRecon Inc, Foster City, Calif; Fig 1) in nonaneurysmal aortic segments (#4 cm) of the ascending aorta and arch (segment A), descending thoracic aorta (segment B), and renal-mesenteric aorta (segment C). An index was calculated using the TeraRecon automated software volumetric tool with manual correction of tracing of the aortic wall and thrombus to measure AWT burden in the three segments and in the entire length of aorta starting at the aortic annulus and extending 1 cm below the renal arteries. Measurements of AWT volume were performed by an experienced investigator without knowledge of the patient's clinical characteristics and postoperative outcomes.
The infrarenal aorta, which was typically affected by large aneurysm and extensive laminated thrombus, was not measured. Because measuring the volume of the thin-walled intima, media and adventitia is not possible, an AWT index was calculated by subtracting the volume of the aortic lumen from the total aortic volume, which includes the aortic lumen, any AWT, and the intima, media, and adventitia. A similar volume measurement protocol has been previously validated. 10 Therefore, the AWT index was representative of the solid portion of the aortic wall after excluding the blood volume. The AWT index was presented as a percentage value (AWT index ¼ [total aortic volume À aortic lumen volume/total aortic volume] Â 100). Data were presented as the index to provide a representation relative to the entire aortic wall volume and to take into considerations differences in aortic length and diameter between patients.
AWT classification. To facilitate assessment of AWT in clinical practice, a novel classification was proposed to measure thrombus surface (irregular vs smooth) and extent. To assess thrombus objectively, we used a 0 to 10 scale to score thrombus type, thickness, area of involvement, circumference, and number of affected segments (Fig 2) . For purposes of this classification, we analyzed the most severely affected segment of the aorta using axial cuts (Fig 3) . The area was selected after examination of the entire length of the aorta. The final score was correlated with the AWT volume index measured in the three aortic segments and in the entire aorta to validate the proposed classification. To minimize inter-rater variability, measurements were done by two investigators in 50 consecutive patients.
Statistical analysis. Data were managed and stored in a MEDIDATA Rave (New York, NY) database and analyzed using SAS 9.1 software (SAS Institute, Inc, Cary, NC). The reporting standards of the Society for Vascular Surgery for endovascular aortic and thoracic repair were used to define stent graft-related outcomes. 11 Linear regression analysis was used for the assessment of the ATW index on the estimated glomerular filtration rate (eGFR) and time to resume an enteral diet. Patients who had prolonged fasting due to mechanical ventilation or early reinterventions were excluded from the enteral diet resumption analysis.
Multivariate analysis was used to evaluate independent predictors after selection of important independent variables, including age, gender, smoking, congestive heart failure, baseline serum creatinine, chronic renal disease stage, American Society of Anesthesiologists Physical Status Classification, Society for Vascular Surgery total score, AWT index, length of the surgery, estimate blood loss, amount and concentration of contrast used, and number of vessels stented. The independent variables were 30-day mortality, solid organ infarctions, stroke, SCI, AKI by RIFLE and AKIN criteria, pancreatitis, ischemic bowel, and a composite of any of these. Only the final logistic regression data are presented in the Results section. 
RESULTS
Study patients. The study included 212 patients, 169 men (80%) and 43 women (20%), with mean age of 76 6 7 years. Aneurysm extent was PRA in 156 patients (74%) and extent IV TAAA in 56 patients (26%). The average maximum aneurysm diameter was 63 6 15 mm (Table I ). The most prevalent risk factors were hypertension in 188 patients (89%), cigarette smoking in 184 (87%), hypercholesterolemia in 171 (81%), coronary artery disease in 136 (64%), chronic obstructive pulmonary disease in 110 (52%), and stage III to V chronic kidney disease in 82 (39%).
Endovascular repair. All procedures were performed in a hybrid endovascular room with a fixed imaging unit. General endotracheal anesthesia was used in 210 patients (99%). Cerebrospinal fluid drainage was used in 67 patients (32%) and neuromonitoring in 55 patients (26%). A percutaneous transfemoral approach was used in 96 patients (46%), and 29 required iliac conduits (14%). There were 700 renal-mesenteric arteries incorporated by 609 fenestrations, 66 scallops, and 25 branches, with a mean of 3.1 6 1 stented vessels per patient. Total volume of contrast averaged 158 6 63 mL, and fluoroscopy time averaged 88 6 42 minutes. Technical success, defined by placement of the aortic stent and all intended side branches, was achieved in 207 patients (98%). Average estimated blood loss was 757 6 859 mL. A transfusion of packed red blood cells was required in 72 patients (34%) during the procedure (Table I) .
AWT assessment. AWT was classified as mild in 98 patients (46%), moderate in 75 (35%), and severe in 39 (18%). The proposed classification correlated with objective assessment of AWT volume in all three segments (Table I ). The AWT index averaged 15% 6 4% for segment A, 22% 6 5% for segment B, 26% 6 7% for segment C, and 20% 6 4% for all three segments. The AWT index was <15% in 13 patients (6%). Demographics, cardiovascular risk factors, aneurysm characteristics, procedural variables, and stent design were similar in patients with different severity of AWT burden.
Clinical events. There was one (0.5%) 30-day or in-hospital death. A patient treated for a suprarenal aortic aneurysm died of complications of type B dissection 8 days after FEVAR to treat an extent IV TAAA (Table II) . The patient had an AWT index of 17% and was classified as moderate AWT. Strokes occurred in four patients (1.9%) in the absence of significant AWT in segment A, although three patients had moderate to severe AWT in the thoracic or renal-mesenteric segments, and one had thrombus in the innominate artery origin (Table III) . There were no intraoperative thromboembolic events diagnosed or that required adjunctive maneuvers. SCI developed in three patients (1.4%), including two with PRAs and one with an extent IV TAAA. Paraplegia was permanent in one of the patients, and paraparesis was temporary in two patients, with symptom improvement and full recovery of ambulatory status. Patients with SCI had higher AWT index in segment B (28% 6 3% vs 22% 6 5%) and C (30% 6 11% vs 26% 6 7%). Although no association was found between the AWT index for any of the neurologic events, six of the seven patients (86%) who developed stroke or SCI had moderate to severe AWT scores (Tables II and  III) . The lack of association may represent a type II error due to small sample size and low rate of neurologic events. This needs to be further investigated with larger cohort of patients. The mean time to resume a regular diet was 2.9 6 1.7 days and was significantly longer in patients with a higher AWT index in segment B (P ¼ .018), segment C (P ¼ .0001), and in all the three segments using linear regression analysis (P ¼ .0004; Fig 4) . There was also longer time to resume a regular diet for patients with severe and moderate thrombus burden (3.4 6 2 and 3.1 6 1.8 days, respectively, vs 2.9 6 1.7 days for mild ones; P ¼ .0115). Gastrointestinal complications included ischemic colitis in five patients (2.4%) and pancreatitis in two patients (0.9%). These complications were not associated with the AWT index.
Renal function deterioration. AKI was documented in 45 patients (21%) using the definition proposed by RIFLE criteria (Table II) . Thirty-two patients (15%) reached the "Risk" stage, 8 (4%) the "Injury" stage, 4 (2%) the "Failure" stage, and 1 (0.5%) the "Loss" stage, requiring temporary hemodialysis. None of the patients required permanent hemodialysis. Among patients who developed AKI, the AWT index was higher in segment B (25% 6 6% vs 22% 6 4%; P ¼ .002), with the highest AWT index observed for those patients who had "failure" (26% 6 7%; Table IV) . Results were similar using the definitions proposed by the AKIN classification, including 48 patients (23%) who had any AKI. AKI was at stage 1 in 39 patients (18%), stage 2 in 7 (3%), and stage 3 in 2 (0.9%). Segment B had the relative highest AWT index for patients who developed AKI (24% 6 6% vs 22% 6 4%; P ¼ .04, Table IV) .
Linear regression analysis showed a direct association between decline in postoperative eGFR and the AWT index in segments A, B, and for the entire aorta (P ¼ .00003; Fig 5) . Multivariate analysis found higher AWT indices in segment A and B were associated with AKI using both the RIFLE (P ¼ .0181 and P ¼ .0004, respectively) and AKIN criteria (P ¼ .0128 and P ¼ .0007, respectively; Table V ). Other independent risk factors for AKI were increased preoperative eGFR, pre-existing chronic kidney disease stage III to V, and volume of contrast used during the repair. AKI was significantly more frequent in patients with moderate to severe AWT scores using RIFLE (P ¼ .034) or AKIN (P ¼ .024) criteria (Table II) .
Solid organ infarction. Solid organ infarctions (Fig 6)
were observed in 50 patients (24%). Three patients had hepatic infarction with significantly higher AWT index scores in segment C (37% 6 15% vs 26% 6 7%; P ¼ .043) compared with patients with no hepatic infarction (Tables II and III) . Splenic infarctions occurred in 25 patients (12%), with higher scores in segments B (25% 6 5% vs 22% 6 5%; P ¼ .011) and C (29% 6 7% vs 26% 6 7; P ¼ .033) compared with patients with no splenic infarcts. Renal infarctions occurred in 35 patients (17%), with higher scores in segment A (16% 6 3 vs 14% 6 4%; P ¼ .039), B (24% 6 6% vs 22% 6 5%; P ¼ .025), and C (29% 6 8% vs 26% 6 7; P ¼ .031) compared with patients with no renal infarcts. The composite of any solid organ infarction was associated with higher AWT index scores for segments A (16% 6 4% vs 14% 6 4%; P ¼ .016), B (24% 6 5% vs 22% 6 5%; P ¼ .005), and C (28% 6 8% vs 25% 6 7%; P ¼ .029). Multivariate analysis showed the AWT index in segment B was associated with solid organ embolization in all three organs (P ¼ .0028; Table V) . Kidney infarctions and any solid organ infarction were more frequent in the severe group (P ¼ .009 and P ¼ .01, respectively; Table II ).
DISCUSSION
The rapid development and increasing use of F-BEVAR to treat complex aneurysms raised concern regarding the risk of embolization of AWT. Embolization can affect any vascular bed, including the cerebral, renal, mesenteric, and lower extremity territories. Although prior reports highlighted the importance of embolic complications, none has used an objective classification to stratify risk according to thrombus burden. This study confirms that severe AWT is associated with greater risk of solid organ infarction, AKI, and prolonged time to resume oral intake. The proposed classification is feasible and provides an objective assessment of aortic atherosclerotic disease.
Analysis of aortic thrombus is difficult because the aorta is naturally tortuous and aneurysms have variable amount of laminated thrombus that cannot be easily differentiated from soft atheroma. Thrombus and atheroma can be irregular and occupy space within the aortic lumen and its branches. Therefore, measurement techniques need a three-dimensional evaluation of the entire aortic lumen. AWT, Aortic wall thrombosis. a P values in italic are statistically significant (P < .05).
Fig 5.
Linear regression analysis curve shows the association between aortic wall thrombus (AWT) index and early postoperative decline in estimated glomerular filtration rate (GFR). All segments were analyzed as a whole. To evaluate the changes in the renal function, postoperative eGFR was divided by its preoperative value. By deduction, as lower is this ratio as greater is the eGFR decline. The graph depicts an inverse correlation; that is, as higher is the AWT index, as lower is the ratio and, therefore, more severe is the eGFR decline.
Modern imaging software can accurately depict thrombus and plaque characteristics and can measure volume accurately with high interobserver reproducibility. 10 A semiautomated workstation protocol is used to manually encircle the region of interest around the outer limits of the aortic wall and along its entire extension. A proper threshold between the structures of interest is needed for automated distinction of the lumen and solid components of the aortic wall. The thrombus often has similar attenuation to the normal aortic wall, making it practically impossible to differentiate the two structures. 10 Measurement of aortic volume is feasible but is time consuming and requires advanced software tools. Therefore, it cannot be easily applied routinely in clinical practice and its use is mostly limited to research. A novel classification was created to simplify assessment of AWT for wider clinical application. Several single-center experiences have shown that mesenteric ischemia and multisystem organ failure are common causes of death after F-BEVAR.
1,14,15 Tran et al 16 reported a 30-day mortality of 1.8% among 110 patients treated by FEVAR for pararenal and TAAAs. Bowel ischemia was cause of death in one patient in their study and was associated with added morbidity. Acute deterioration of renal function by RIFLE criterion occurred 23% of patients, and 3% required hemodialysis. Our rate of AKI was nearly identical (21%), although only one patient (0.5%) required temporary hemodialysis. In our study, there was one 30-day death (0.5%) caused by acute dissection, which was not related to embolization. However, one in four patients (24%) had evidence of solid organ infarctions from embolic events. The association of embolic events with other types of endovascular procedures is well known. Carotid stenting is routinely done using embolic protection devices because of evidence that unprotected manipulation carries significant risk. 17, 18 Previous studies dealing with renal angioplasty and stenting have shown the association of renal dysfunction with embolization of cholesterol particles. 19, 20 Edwards et al 21 found thousands of crystalrich cholesterol particles released and captured in the embolic protection devices, with higher rates (P < .05) associated with larger stent diameter and predilatation. Finally, lower extremity interventions result in embolic complications in 1% up to 20% of the patients. 22, 23 In complex endovascular repair, the degree of catheter manipulation is even greater than that with carotid or renal stenting for occlusive disease. Embolic complications occur in a small proportion of patients treated by standard EVAR but have been linked to ischemic colitis and lower extremity atheroembolization. 24 Although bowel ischemia is clearly related to microembolization, other factors should be recognized, including aneurysm rupture, perioperative hypotension, inferior mesenteric artery occlusion, and poorly developed pelvic collaterals. 4 We found a 2.4% rate of bowel ischemia, which was not significantly higher in patients with severe AWT. We hypothesized that postoperative ileus can be affected by embolization of atheromatous debris. Although we acknowledge that is impossible to prove cause-andeffect and that this association may be speculative, we found correlation between AWT index and time to resume an enteral diet. The correlation of stroke and thoracic EVAR and more recently transcatheter aortic valve replacement has been well studied. In these cases, aortic arch debris is a major determinant of risk of stroke. 25, 26 In the setting of F-BEVAR, the aortic arch is frequently used for the proximal landing zone or is manipulated by brachial sheaths. Despite these factors, we found a stroke rate of 1.9% and no correlation between arch debris and stroke, which likely reflects our patient selection criteria that excluded patients with severe arch debris. Similar to the stroke risk, SCI has also been linked to embolization. 29 an independent predictor of renal ischemic lesions. Our study is novel in that it analyzed volume using AWT index in different aortic segments in addition to a classification based on qualitative markers. Because we excluded from our analysis a small number of patients who were denied F-BEVAR because of the prohibitive amount of aortic thrombus and our mortality in the treated cohort was low (0.5%), we are not able to determine a threshold of AWT considered "unsafe." Nonetheless, our results are important to prognosticate risk of postoperative renal function deterioration, ileus, and solid organ infarctions among patients with less severe AWT. Further longterm analysis may also show deleterious effects of AWT on renal function. Parallel stent grafts have also been used to incorporate side branches. Whereas the technique shares similarities to F-BEVAR, fenestrated endografts may be associated with end-organ ischemia if there is misalignment between the fenestration and target vessel. In the Performance of the chimney technique in the treatment of pararenal pathologies (PERICLES) registry, one of the largest retrospective studies which evaluated outcomes of parallel stents in 517 patients, 30-day mortality was 4% and renal function deterioration was noted in 18%. 32 However, that series had significant differences compared with our study cohort, notably fewer vessels stented (1.7 vs 3.1 vessels/patient), which indicates a less extensive repair.
Future studies of parallel stent grafts need to focus on the importance of patient selection and anatomical criteria, including the importance of AWT. Preoperative assessment of aortic thrombus is also important when planning open surgical repair. Selection of clamp site and extent of reconstruction are based on healthy aortic segments that are relatively free of thrombus. Open repair can be considered in patients with "shaggy aorta," but the procedure is challenging because the diseased aorta and its side branches are often unsuitable for clamp placement. In some cases, we have used cardiopulmonary bypass to avoid clamping or went higher into the thoracic aorta where there was a healthier segment. Nonetheless, the effect of AWT on outcomes of open surgical repair has not been assessed, and it is likely that it has similar implications as noted in this study. Some patients with an excessive amount of debris should be denied treatment. In patients who have relatively focal areas, one strategy is to cover the diseased segment by stent graft in a staged fashion, followed by F-BEVAR. Although this strategy requires coverage of additional length of thoracic aorta, this should be weighed against the risk of more serious embolic complications to the kidney and bowel.
This study has several limitations that deserve to be discussed. Because of the retrospective design, factors that affected patient selection and stent design could not be analyzed. Inter-rater variability was minimized by training of two investigators on measurement techniques, but it is possible that there were variations of thrombus assessment between investigators. A small number of patients with very severe AWT were denied treatment by endovascular repair because of excessive amount of atherosclerotic debris that was considered to be associated with prohibitive risk of embolization. Therefore, our findings may underestimate the predictive value of this score classification. In addition, we excluded analysis of laminated aneurysm thrombus in patients with extent I to III TAAAs and in the segment below the renal arteries. It is possible that the thrombus within aneurysmal segments represents added risk of embolization. It is also likely that other factors, such as extent of repair, catheter manipulations, length of procedure, and technical difficulty, affect risk of these events. Moreover, the large number of associations reported may contribute to type I error in some of the predictors analyzed.
The effect of the learning curve and changes in treatment strategy are difficult to determine given that the study spanned a decade. Although many of these factors affected outcome, the strength of the study was the objective assessment of AWT using imaging techniques and the equal distribution of variables between patients with mild, moderate, or severe AWT. To facilitate clinical application, we propose an AWT classification to measure thrombus surface (smooth vs irregular) and quantity. However, we acknowledge that this classification is limited to one aortic segment and that some of the variables may overlap and not be equally important. We propose the classification as a starting point for future studies. Nonetheless, we identified a strong correlation between the AWT index in the entire aorta and the proposed score-based classification. Future investigations should focus on validating this classification system and identifying which thrombus features have greater correlation with embolic events. Further prospective validation of our study is needed.
CONCLUSIONS
This study supports the importance of evaluating AWT as a cause of embolic complications in patients undergoing F-BEVAR. We found that severe AWT is ubiquitous (54%) and that severe thrombus is an important determinant of renal function deterioration, solid organ infarction, and longer time to resume oral intake. Although volumetric AWT was reliable, it is time consuming and requires special skills with imaging software. The proposed score-based classification correlated with objective measurements of AWT volume offering easier applicability in the clinical practice. Finally, although our AWT analysis showed correlation with embolic events, we were not able to determine at what degree F-BEVAR is "unsafe" given the low mortality rate (0.5%) in this study.
